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Human noroviruses (NoV) are the most common cause of epidemic gastroenteritis following consumption of bivalve shellfish
contaminated with fecal matter. NoV levels can be effectively reduced by some sewage treatment processes such as activated
sludge and membrane bioreactors. However, tertiary sewage treatment and substantial sewage dilution are usually required to
achieve low concentrations of virus in shellfish. Most outbreaks have been associated with shellfish harvested from waters af-
fected by untreated sewage from, for example, storm overflows or overboard disposal of feces from boats. In coastal waters, NoV
can remain in suspension or associate with organic and inorganic matter and be accumulated by shellfish. Shellfish take consid-
erably longer to purge NoV than fecal indicator bacteria when transferred from sewage-polluted estuarine waters to uncontami-
nated waters. The abundance and distribution of NoV in shellfish waters are influenced by the levels of sewage treatment, prox-
imity of shellfish beds to sewage sources, rainfall, river flows, salinity, and water temperature. Detailed site-specific information
on these factors is required to design measures to control the viral risk.

In many countries, areas used for harvesting of filter-feeding bi-
valve shellfish for human consumption are situated in inshore

coastal environments which may receive significant quantities of
human fecal pollution from point-source discharges, land runoff,
and overboard disposal from boats (1, 2). Over the last decades,
significant investment has been made in improving sewerage in-
frastructure in many parts of the developed world (3, 4). However,
as treatment levels have improved, contamination due to storm
overflow discharges has become a more significant factor (5, 6).
These impacts are likely to increase in the future in line with pop-
ulation growth and urban development in coastal areas and
changes in rainfall patterns associated with climate change (7).
Contamination of shellfish-growing waters with fecal pollution is
a significant concern because of the risk of illnesses associated with
such shellfish and the regulatory and market requirements for
supply of safe shellfish products to consumers.

Human noroviruses (NoV) are the most frequently implicated
etiological agents of sporadic cases and community outbreaks of
viral gastroenteritis associated with the consumption of shellfish
contaminated with fecal pollution (8, 9, 10, 11). Noroviruses be-
long to the family Caliciviridae and comprise five genogroups on
the basis of sequence similarity; of these, genogroup I (GI) and
genogroup II (GII) are more frequently associated with human
outbreaks (12). Each genogroup is further divided into a number
of genotypes on the basis of pairwise distribution (12). Although
GII, particularly the GII.4 genotype, predominates in person-to-
person transmission, GI strains cocirculate in human populations
and are also commonly involved in shellfish-related outbreaks
(13). Morphologically, NoV are nonenveloped, icosahedral vi-
ruses with a diameter of approximately 38 nm (14). The NoV
genome is a 7.5-kb, positive-sense, single-stranded RNA contain-
ing three open reading frames that encode both structural and
nonstructural proteins (14). The capsid protein, viral protein 1, is
the most important component of the viral capsid, whereas the
viral protein 2 is incorporated into the capsid in low copy numbers
(14). Studies have shown that expression of human histoblood

group antigens (HBGAs) is linked to susceptibility to NoV infec-
tion and that the viral capsid may have evolved from selective
pressure of HBGAs (15, 16, 17). Changes in the protruding and
immunogenic domain of the capsid protein sequence result in the
emergence of new variants of the virus based on immunogenic
evolution (18). For instance, adaptive changes in the capsid P2
domain may have caused the epidemic emergence of a novel GII.4
variant (Sydney 2012) and its replacement of New Orleans 2009 as
the predominant NoV strain in circulation globally (19).

The literature contains abundant case and outbreak reports of
NoV infection associated with the consumption of bivalve shell-
fish (20, 21, 22, 23, 24). Such outbreaks continue to occur on a
regular basis worldwide (23, 24, 25) with potentially very signifi-
cant associated economic costs. Batz et al. estimated that the an-
nual cost of illness attributed to seafood contamination with NoV
in the United States would be $184 million (26). However, the
public health burden of NoV infection due to shellfish is probably
significantly underreported as most healthy adults experience rel-
atively mild symptoms which frequently remain undiagnosed (20,
27). NoV is the most common cause of illness in cases presenting
to general practice (two consultations per 1,000 person-years) in
the United Kingdom (28) and the cause of 7% of hospital admis-
sions (all ages considered) in the United States (29). Despite in-
creases in knowledge about NoV disease and transmission in re-
cent years, there is very little understanding of the role of
environmental transmission of the virus and what impacts disease
incidence (30).

Historically, the most widely used interventions to control the

Published ahead of print 4 April 2014

Editor: V. Müller

Address correspondence to Carlos J. A. Campos, carlos.campos@cefas.co.uk.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.04188-13

MINIREVIEW

3552 aem.asm.org Applied and Environmental Microbiology p. 3552–3561 June 2014 Volume 80 Number 12

http://dx.doi.org/10.1128/AEM.04188-13
http://aem.asm.org


risk of shellfish-borne disease have been the classification of pro-
duction areas based on the monitoring of fecal indicator bacteria
(FIB), such as Escherichia coli, in shellfish or their growing waters
and postharvest purification treatments. However, evidence from
laboratory studies has demonstrated that NoV may persist for
much longer periods than FIB in actively filtering shellfish (31).
The implication is that legislative standards based on FIB may not
provide an accurate estimate of the risk of contamination by the
pathogen and therefore may not adequately protect consumers
(32, 33). Agencies responsible for protecting and promoting food
safety worldwide have considered options to reduce the risk of
NoV infection due to shellfish. The risk management measures
considered include better environmental controls to prevent
transmission pathways through to direct monitoring and control
by introduction of NoV food safety standards.

Monitoring for NoV within complex environmental matrices
such as sewage, freshwater, seawater, and shellfish requires detec-
tion and quantification methods that are sufficiently sensitive to
detect low quantities of the virus. Since NoV cannot be cultivated,
the application of sensitive molecular biological techniques, in
particular, PCR, has been essential. Quantitative reverse tran-
scription-PCR (qRT-PCR) is highly sensitive, specific, and cost-
effective and has provided valuable information for risk assess-
ment purposes (34, 35). A fully standardized PCR method is now
available for detection of NoV in shellfish (36, 37). The application
of such methods has provided a wealth of information about the
environmental fate and distribution of NoV which would not oth-
erwise have been available (34, 35). However, challenges remain,
particularly concerning the assessment of the viability of detected
virus, the application of such methods to less-well-characterized
environmental matrices such as seawater, sewage, and sediments,
and the potential presence in samples of substances inhibitory to
the PCR which can affect sensitivity and quantitation (38).

This paper reviews available information on environmental
pathways of NoV contamination of shellfish waters and identifies
gaps in the knowledge required to provide improved risk manage-
ment strategies.

CONTAMINATION SOURCES
Sewage discharges. Significant quantities of NoV can be intro-
duced into the marine environment from the discharges of mu-
nicipal and private wastewater treatment works (39, 40), from
smaller-scale septic tanks (41, 42), and from the overflows from
such systems (43). Discharges may be directly introduced into
shellfish waters or into watercourses higher in the catchment.
Clinical NoV strains (GI and GII) traced in environmental sam-
ples have clearly demonstrated the links between NoV in sewage
effluents, freshwater, and shellfish and gastrointestinal illness (44,
45, 46).

Infected symptomatic humans can shed up to 109 NoV
genomic copies/g feces as measured by qRT-PCR (47). NoV can
also be shed asymptomatically by infected hosts for over 35 days
(48). A comparison of mean NoV loads from symptomatic and
asymptomatic individuals in Japan showed that GI-infected
symptomatic individuals had slightly higher mean viral loads
than GI-infected asymptomatic individuals, whereas GII-infected
symptomatic and asymptomatic individuals had similar mean vi-
ral loads (49). Children and immunocompromised individuals
usually shed virus for longer periods than healthy adults (50).
However, there is heterogeneity in the duration of shedding. Mil-

brath et al. developed a NoV transmission model based on NoV-
shedding data and concluded that long-term (105- to 136-day)
shedders increase the probability of an outbreak by 33% and the
severity of transmission (as measured by the attack rate) by 20%
(51). Therefore, knowledge of the duration of NoV shedding can
help inform NoV risk management strategies.

In England, the age-adjusted community incidence of NoV-
associated infectious intestinal disease is estimated to be 4.7/100
person-years (28, 52), which represents an average of 3 million
disease episodes and 130,000 consultations per year (28). Un-
treated (screened) sewage has been found to contain mean levels
of total NoV (GI plus GII) ranging from 102 to 104 genome cop-
ies/ml (53). Using data on NoV infection in susceptible volunteers
to establish quantitative relationships between the ingested dose
and the risk of infection, Teunis et al. (54) estimated the 50%
infectious dose (ID50) of NoV to be 18 viruses for nonaggregated
GI NoV and indicated that the state of virus aggregation also af-
fects the infectious dose. Clearly, therefore, crude sewage and,
potentially, other sources of untreated human feces represent a
very high risk for NoV contamination of the marine environment.
The risk of sewage containing NoV is likely to be linked to the
population size contributing to the effluent. The high rate of inci-
dence of NoV in the community determines that, in practice, mu-
nicipal sewage is inevitably contaminated irrespective of symp-
toms shown by infected individuals (55).

In many countries with an aging sewer infrastructure, the ef-
fects of surface runoff and the foul sewer may be combined. De-
signed overflows (i.e., combined-sewer overflows [CSO] and
storm tank overflows) connected to such systems discharge a
combination of rainwater, untreated human sewage, and, in some
cases, industrial waste and debris during periods of wet weather
when the treatment capacity of sewage treatment facilities is ex-
ceeded (7, 56). In addition, the sewer infrastructure may uninten-
tionally discharge raw sewage as a result of blockages, structural
and mechanical failures, or insufficient conveyance capacity. Such
sanitary-sewer overflows (SSO) may present exposure pathways
different from those associated with CSO discharges. In one study,
levels of NoV (GI plus GII) in CSO effluents (settled storm tank
overflow) averaged 1,690 copies/ml and were similar to NoV levels
in screened raw influent at the works (53). Average levels of NoV
in the proximity of CSO outfalls can increase 10 or more times
during wet weather (43). Shellfish collected near discharging CSO
outfalls may contain mean NoV levels of 103 PCR units/g oyster
tissue (G. Greening, unpublished data). Thus, CSOs and SSOs
may be a very significant source of potential NoV contamination
of shellfish waters (43, 57, 58). The frequency and volume of CSO
discharges are critical and are determined by the amount of rain-
fall in relation to the planned capacity of the wastewater system.
More-frequent extreme rainfall events, as predicted by climate
change modeling (59, 60), are likely to increase sewage inflows and
infiltration and thus CSO discharges to coastal waters. Significant
investment in stormwater storage and treatment and flow control
systems will be required to reduce the impact of these discharges
upon shellfisheries (7, 60).

Various studies have suggested that conventional biological
sewage treatment processes are less efficient at removing NoV
than at removing FIB (53, 61). Quantitative studies on NoV re-
duction throughout the different stages of sewage treatment are
summarized in Table 1. Conventional activated sludge processes
(including reductions during primary settlement) are typically
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found to reduce NoV by 1 to 2 log10 units across the process. An
optimized activated sludge system with tertiary ultraviolet (UV)
treatment was found to reduce levels of NoV by 2 log10 for GI and
2.9 log10 for GII (53). The UV treatment stage of this process was
inefficient for reducing NoV as measured by PCR (0.11log10)
compared with E. coli levels (2.7 log10). This may reflect the inabil-
ity of PCR to determine reductions in virus viability during the
UV disinfection process. This possibility is supported by recent
data for FRNA bacteriophage used as a surrogate for NoV during
sewage treatment (58). Waste stabilization ponds are low-cost,
low-maintenance, natural-treatment systems that can reduce lev-
els of NoV GI and GII in sewage by 1.2 log10 and 1.8 log10, respec-
tively (62). Their overall performance at reducing the virus levels
is generally lower than that of activated sludge and membrane
systems (62). Hewitt et al. reported variable and sporadic occur-
rences of NoV in sewage and treated effluent from sewage treat-
ment works (STW) serving different-sized populations in New
Zealand and reported that median concentrations of the virus in
treated effluent were sometimes greater than those in the influent
(66). In general, the amount of NoV associated with suspended
solids appears to influence removal rates during sewage treatment.
Hejkal et al. found a substantial (92%) decrease in the proportion
of enteroviruses associated with solids larger than 0.3 �m in di-
ameter from influent samples to unchlorinated effluent (67).
These results suggest that viruses associated with solids, and any
viruses that are secondarily adsorbed to mixed-liquor-suspended
solids, would be removed during the clarification stage. Further
studies are required to determine the distribution of NoV associ-
ated with solids for a range of treatment processes.

Regarding tertiary treatment, reductions of 4 log10 units have
been reported for murine NoV (a cultivable surrogate for NoV) in
collimated-beam bench-scale experiments in which the virus was
exposed to ultraviolet light doses of 29 mJ/cm2 (68). Lee et al.
found that UV doses of 10, 20, and 25 mJ/cm2 cause murine NoV1
to reduce 1, 2.8, and 3.3 log10, respectively (69). It should be noted
that, in those UV disinfection experiments, the authors inoculated
murine NoV into phosphate-buffered saline solution and that the
results therefore reflect isotonic, nontoxic conditions. It has been

reported that higher NoV reduction (as measured by PCR) can be
achieved when titanium dioxide (TiO2) is added to the UV disin-
fection process (70). However, no significant differences in NoV
reduction between UV disinfection and UV disinfection plus TiO2

treatment were found in one study (71). Membrane bioreactor
technology, which combines biological-activated sludge processes
and membrane filtration, has been reported to remove NoV (GI
and GII) at levels ranging from 3.3 to 6.8 log10 units (72, 73).

From the studies reviewed, physical separation methods using
membranes appear to offer the best performance for NoV removal
during sewage treatment. However, it is possible that PCR-based
analysis methods may underestimate the degree of virus inactiva-
tion for sewage treatment methods employing disinfection rather
than physical removal (59).

Discharges from boats. Overboard discharge of untreated fe-
ces, in areas remote from point-source discharges, has been im-
plicated in large outbreaks of NoV infection due to oyster con-
sumption in the United States (California Department of Health
Services, unpublished data) (74, 75). During an outbreak investi-
gation carried out in Louisiana in the United States, crews from 22
(85%) of 26 oyster harvesting boats working in the area declared
routine overboard disposal of feces (75).

Most large ships, including cruise ships, have some form of
wastewater collection and treatment system onboard. However,
discharges from such vessels may still present a significant risk,
since NoV outbreaks within the closed passenger community oc-
cur relatively frequently, so effluents may be highly contaminated.
For example, in 2013, the Centers for Disease Control and Preven-
tion reported 8 cases of NoV (or presumptive NoV) infections
among passengers and crew members on large (�100-passenger)
cruise vessels that participate in the Vessel Sanitation Program
(http://www.cdc.gov/nceh/vsp/surv/gilist.htm#2013). An investi-
gation into 14 laboratory-confirmed outbreaks of acute gastroen-
teritis that occurred on U.S. cruise ships in 2002 indicated that the
characteristics persisted in successive cruises in 50% of these and
that there were multiple routes of transmission in 58% of the
outbreaks (76). Of the 11 outbreaks attributed to NoV, 10 were
associated with GII strains and 1 with a GI strain. The virus load

TABLE 1 Norovirus removal achieved by sewage treatment processes reported in the literature

Sewage treatment process

Log10 removal rate

Reference(s)Genogroup I Genogroup II

Untreated sewage
Settled storm sewage overflow 0.5 0.3 53

Primary treatment
Primary settlement 0.2–0.7 0.7–0.8 63

Secondary treatment
Waste stabilization pond 1.2 (maximum, �4.5)a 1.8 (maximum, �6)a 62
Conventional activated sludge 0.3–0.9 0.3–1.6 63, 64
Optimized activated sludge (modified

Ludzack-Ettinger)
1 0.8 53

Trickling filter 0.0 0.3 63

Tertiary treatment
Membrane bioreactor 1.5–3.3 65
UV disinfection maximum � 0.8 0.1 53, 65
Chlorine disinfection 0.74 65

a Data were obtained from a graphical data display.
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from shipboard treatment systems is associated with the number
of persons onboard, the percentage of individuals shedding, the
level at which individuals are shedding, and the volume and fre-
quency of bowel movements (Washington State Department of
Health, unpublished data). Steady-state NoV concentrations
from large cruise vessel discharges to surface waters in the main
basin of Puget Sound in the United States have been estimated to
be 104 viruses/liter (J. S. Meschke and J. C. Kissel, unpublished
data). Clearly, both large and small vessels can pose a significant
NoV risk if they discharge fecal effluents into shellfish-growing
waters.

In the European Union, Directive 2003/44/EC has required
since 2003 that newly manufactured craft fitted with toilets shall
have either holding tanks or provision to fit holding tanks (77).
However, overboard discharge is not prohibited by European reg-
ulations. Some European countries (for example, France and The
Netherlands) have adopted national regulations requiring the
provision of land-based sewage treatment facilities for recre-
ational vessels and other floating structures or regulations pre-
venting overboard discharge by boats into coastal waters (http:
//www.rya.org.uk/infoadvice/boatingabroad/Pages/holdingtanks
.aspx). In the United States, the Clean Water Act prohibits the
discharge of untreated waste into U.S. territorial waters and man-
dates that all commercial and recreational vessels with an installed
toilet be equipped with a U.S. Coast Guard-certified marine san-
itation device (MSD) (http://www.law.cornell.edu/uscode/text
/33/1322). However, not all MSDs are effective in removing NoV.
Under the International Convention on the Prevention of Pollu-
tion by Ships (MARPOL 73/78), discharge of untreated sewage
into inshore waters is prohibited but discharge of treated sew-
age is permitted under certain circumstances [http://www.
imo.org/about/convent ions/ l i s to fconvent ions/pages
/international-convention-for-the-prevention-of-pollution-
from-ships-(marpol).aspx]. Protection against NoV contami-
nation is therefore dependent on the effectiveness of the
onboard sewage treatment system. The most effective way to
reduce the risks from boats and ships is clearly to ban the over-
board discharge of both treated and untreated effluents in the
vicinity of shellfish waters. The designation of Lynnhaven River
(Virginia in the United States) as a nondischarge zone has con-
tributed to maintaining the safety of over 30% of this river for
shellfish harvesting and to the reopening of areas that had been
previously closed to harvest (Virginia Department of Environ-
mental Quality, unpublished data).

ENVIRONMENTAL RESERVOIRS
Groundwater. Studies on contaminated groundwater suggest
that NoV (GI) can remain detectable for over 3 years and infec-
tious for at least 61 days (78). Therefore, poorly maintained septic
tanks or leaking sewerage infrastructures could contaminate
groundwater with fecal matter which could in turn contaminate
surface waters through seepage (42). Surveillance of 23 ground-
water wells in Korea showed that 18% of the samples were con-
taminated with NoV, with 71% of these being identified as GI and
29% as GII (79). A retrospective cohort study that included struc-
tured questionnaires, microbiological investigations, and NoV
genotyping also carried out in that country confirmed that the
most likely cause of an outbreak of NoV gastroenteritis among
visitors of a water park in Korea was associated with groundwater
contaminated with NoV GI (80). NoV has been detected in United

Kingdom urban catchments to depths of about 40 m in uncon-
fined sandstone aquifers, with the seasonal pattern of prevalence
coincident with the seasonality of NoV discharge to the sewerage
system (81).

Sand and gravel aquifers are more likely to be contaminated
than other types of aquifers (82) because the pore sizes of sand and
gravel do not impede movement of the virus (83). Soil chemistry
can effect migration of NoV through groundwater routes, and
strains may show different characteristics (84). Binding of NoV
GI.1 and GII.4 strains to silica increases with ionic strength in
sodium chloride solutions at pH 8 (85). In addition to mineral
content, soil organic matter (SOM) usually decreases virus attach-
ment by competition for the same binding sites (85). SOM usually
holds and retains large quantities of water. Experiments with re-
combinant NoV particles that are morphologically and antigeni-
cally similar to live NoV strains but lack the nucleic acid suggest
that water pH significantly influences the filtration of NoV in
quartz sand over a pH range of 5 to 7 (86). Higher concentrations
of H� (lower pH) neutralize the proportion of negative charges
and the exchange of cations (Ca2� and Mg2�) on colloids. da Silva
et al. (84) found that higher concentrations of these cations in-
crease the attachment of NoV genogroups I and II. Therefore,
saline soils which contain large amounts of soluble salts, particu-
larly calcium and magnesium, are likely to filter larger quantities
of NoV. Fine sands and sandy, silty, and clay loams have lower
cation exchange capacity and therefore have much less capacity to
retain NoV than humus and clays.

Survival and transmission in surface waters. Human NoV are
highly resistant to environmental degradation in aquatic environ-
ments, and their abundance and distribution depends signifi-
cantly on the survival conditions in the receiving water (78). Sev-
eral studies have reported data on the zone and duration of NoV
impact of shellfish in relation to point-source pollution inputs
such as sewer pipes. In New Zealand, a gradient of NoV was ob-
served in oysters corresponding to the distance from an outfall.
Total NoV levels were about 1,000 PCR units/g oyster adjacent to
the outfall, decreasing to 130 PCR units/g at 10 km and 100 PCR
units/g at 24 km (Greening, unpublished). In another study in
Ireland, depending on the local hydrodynamic conditions, the
extent of impacted area could be in excess of 4 km from the im-
plicated discharge point (B. Doré, F. Guilfoyle, S. Keaveney, and J.
Flannery, unpublished data). Following a sewage spill event, vi-
ruses (GI and GII) were detected in oysters for over 4 months (P.
Scholes, G. Greening, D. Campbell, J. Sim, J. Gibbons-Davies, G.
Dohnt, K. Hill, I. Kruis, P. Shoemack, and A. Davis, unpublished
data). In estuarine waters receiving polluted freshwater inputs of
1.5 m3/s on average, NoV persisted for up to 6 weeks, whereas,
with lower volumes of inputs (0.96 m3/s), NoV persisted for less
than 1 month (Doré et al., unpublished). These studies demon-
strated that sewage discharges may have an impact on NoV con-
tamination at a considerable distance from the discharge point
and over considerable timescales. A number of studies have failed
to detect significant correlations between NoV concentrations in
water (87) and shellfish (Doré et al., unpublished) and variations
in salinity and temperature. This may be related to variations in
physicochemical water quality and/or the fact that shellfish that
are relatively close to the discharge but are outside the concen-
trated path of the effluent plume may not bioaccumulate viruses
as much as shellfish that are further away but within the effluent
plume’s path (39).
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Some evidence suggests that sediments, sponges (40), and
plankton (88) can provide reservoirs for increased persistence of
NoV, which may in turn increase the likelihood of bioaccumula-
tion by shellfish. This raises the issue of whether NoV adsorption
to organic matter is an important factor in the bioaccumulation of
virus by bivalves (89).

SEASONAL AND ENVIRONMENTAL INFLUENCES

NoV (both GI and GII) is often present in sewage throughout the
year, with peaks of prevalence in the winter (63, 90, 91). A winter
peak of viral prevalence has also been documented in freshwater
(92, 93, 94) and seawater (95) samples. This is consistent with the
high incidence of NoV-associated intestinal disease (28) and the
winter-biased seasonality of these infections in the United King-
dom (9). The seasonality of general-practice consultations is,
however, less pronounced than that in the community (52). There
is contrasting evidence on the prevalences of different NoV strains
in effluent (90, 91, 96). These differences could be attributed to
differential levels of resistance to removal during the treatment
process (90) or to dilution effects (95) or to different patterns of
strain prevalence in the community (97, 98, 99). Epidemiological
evidence indicates, however, that the majority of outbreaks due to
person-to-person transmission are associated with the pandemic
GII.4 strain (98, 99, 100). A review of transmission routes and
vehicles associated with NoV outbreaks found, however, that the
distributions of this strain differ substantially according to out-
break setting, season, and hemisphere (101), and GII.4 may not
therefore always be a good predictor of general NoV contamina-
tion of shellfish. It is therefore important to consider the total NoV
content of shellfish in making risk management decisions.

Several studies have documented higher prevalences and levels
of both NoV GI and NoV GII in commercially harvested shellfish
during the winter (102, 103, 104, 105, 106, 107), although some
studies have reported no substantial summer-winter seasonality
with respect to the prevalence of these genogroups in shellfish
(108) and shellfish-growing waters (109). This discrepancy could
be due to high fluxes of sewage contamination throughout the
year in the latter study sites. The observed winter peak of viral
prevalence in shellfish is consistent with the higher prevalence of
NoV seen in sewage and with the consequential winter seasonality
of shellfish-related gastroenteritis outbreaks in temperate climates
(106). In the United Kingdom, average levels of NoV in Pacific
oysters (Crassostrea gigas) during winter months (October to
March) may be as much as 17 times higher than those during the
remainder of the year (110). This seasonal pattern has been ob-
served to mirror variations in water temperature (104) and in
salinity and rainfall (103). Richards et al. showed that long-term
(120-day) frozen conditions do not decrease NoV RNA titers and
that repeated freezing and thawing do not inactivate NoV in the
environment (111). Supporting this, an investigation into an out-
break of NoV gastroenteritis in Finland suggested that the source
of the virus was freshwater from a frozen river that had been con-
taminated with human sewage discharged 70 km upstream of the
affected area 4 months earlier (112). These studies suggest that
NoV contamination locked into frozen environmental water may
continue to remain a risk until released by a thaw. Laboratory tests
have shown that the level of NoV nucleic acid (as measured by
PCR) reduces by as little as 0.03 � 0.01 log10/day in environmental
waters incubated at 25°C (113). Thus, virus may persist for
months in both surface water and groundwater at a relatively wide

range of temperatures. Significant relationships have been found
between the incidence of NoV-associated gastroenteritis and rain-
fall in Australia (114). Similarly, Miossec et al. found that Pacific
oyster samples became positive for NoV in a production area
(class A under Regulation 854/2004) situated 2 to 8 km from the
nearest sewage discharge when rainfall exceeded 140 mm (103).
They also found that peaks in the percentage of positive samples
generally coincided with peaks in rainfall and with the incidence of
gastroenteritis in the community. A correlation between rainfall
and general community levels of gastroenteritis was observed in
Victoria, Australia (114). An average lag time of 3 months between
peak average rainfall and the occurrence of NoV outbreaks in the
community was observed, suggesting a possible environmental
transmission route for community outbreaks. Depending on the
hydrological characteristics of the catchment, NoV prevalence in
polluted freshwaters may consist of several shorter peaks of vari-
ous magnitudes lasting 1 to 4 days (94). There is some evidence
that survival of NoV on wastewater biofilms may prolong the pe-
riod of environmental persistence, particularly when the virus is
not circulating in the community (115). In summary, the main
factors associated with an elevated incidence or persistence of
NoV contamination are the winter months, increased rainfall, and
low temperatures.

ACCUMULATION AND CLEARANCE BY SHELLFISH

During filter-feeding, shellfish bioaccumulate NoV in their gills,
digestive glands, and other tissues (116) within 4 to 24 h (31, 117).
Pacific oysters artificially contaminated with NoV GII and trans-
ferred to tanks containing sand-filtered seawater for 10 days (wa-
ter at 10 � 2°C and containing phytoplankton) maintained fairly
constant levels of NoV contamination throughout the depuration
experiment (initial concentrations were 1.7 � 103 copies/g diges-
tive tissue, with levels of 1.5 � 103 copies/g at 3 days of depuration
and 1.8 � 103 copies/g at 10 days) (118). That study suggested that
placing shellfish in tanks with clean water is not an effective strat-
egy to remove NoV. However, higher rates of NoV removal have
been detected when oysters are exposed to higher water tempera-
tures. For instance, Doré et al. observed a reduction of 72% in the
levels of NoV GII in oysters depurated at 17°C after 4 days and a
further reduction to levels below the limit of quantitation of the
assay (100 copies/g) after 6 days (32).

Many studies have detected NoV, sometimes at elevated levels,
in oysters harvested from areas compliant with health status clas-
sification A (�230 most probable number [MPN] of E. coli/100 g)
and classification B (�4,600 MPN of E. coli/100 g in 90% of sam-
ples) under the European system (32, 33, 110). Such contami-
nated shellfish may require extended relaying before they can be
safely introduced into the market (32, 119). Surveillance of NoV
in commercial oyster production areas in the United Kingdom,
Ireland, and France detected total levels of NoV (GI plus GII)
ranging from �100 genome copies/g to 104 genome copies/g (33).
Levels of NoV GI in oysters collected from commercial beds in
Georgia in the United States ranged from 103 to 108 copies/g (88).
Monitoring of NoV in mussels grown in floating rafts and wild
shellfish (mussels, clams, and cockles) in Galicia (Spain) detected
concentrations of the virus ranging from 102 to 103copies/g for GI
and from 101 to 104 copies/g for GII, with GII levels being gener-
ally higher in cultivated areas than in wild shellfish (120). Teunis et
al. (54) reported a dose-response relationship in human volunteer
studies between NoV GI titer (as measured by PCR genome copy
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numbers) and disease outcome. In susceptible volunteers, a low
ingested dose may result in infection but not illness, with illness
becoming more likely as the dose increases. The 50% infectious
dose (ID50) was reported as 18 NoV genome copies for a disaggre-
gated inoculum, whereas the probability of an infected subject
becoming ill (i.e., expressing NoV symptoms) ranged from 10% at
a dose of 103 NoV genomes to 70% at a dose of 108 virus genomes.
This dose-dependent outcome may help explain why asymptom-
atic NoV excretion has been observed in a substantial proportion
(up to 16%) of healthy individuals (121) and also, since reporting
of outbreaks depends on expression of clinical symptoms, why
NoV levels seen in shellfish associated with outbreaks are generally
higher than background environmental levels (122). Assuming
that NoV detected in shellfish is viable, then this dose-response
model can give an indication of the likely outcome following con-
sumption of the NoV levels observed in shellfish surveillance stud-
ies. It can be anticipated that outcomes would range from subclin-
ical infection to symptomatic disease depending on the dose
consumed. In considering potential food standards, risk managers
need to consider whether it is important to also control the risk of
subclinical NoV infection.

Following a period of bioaccumulation, NoV persistence in
shellfish may be facilitated by the binding of histoblood group
antigens (HBGA) to digestive tissues (123). However, different
NoV strains show different specificities for HBGA ligands; there-
fore, not all strains may be captured equally well by oysters (123).
Maalouf et al. found that binding of strain GI.1 the to Pacific
oyster tissues occurs more efficiently in late winter and spring,
when most shellfish-related outbreaks occur in France (13). NoV
recognition and binding to human HBGAs are well known (15,
124), and it has been proposed that links between shellfish carbo-
hydrate ligands and virus strain specificity be considered for the
purposes of managing viral risk (124). These specific binding pat-
terns may help explain the difficulty in removing NoV from oys-
ters during depuration (31).

RISK REDUCTION STRATEGIES

The risk of NoV infection may be mitigated by implementing
control measures in primary production preharvest and, to a
lesser extent, by postharvest purification treatments. Because
most treatments are not effective in reducing NoV contamination
from shellfish control measures should focus on ensuring that
shellfish are harvested from areas that are not being impacted by
NoV contamination. Prevention of contamination requires a high
level of environmental protection, with associated regulatory
standards and monitoring programs and designation of harvest-
ing areas with appropriate water quality. However, in many parts
of the developed world, shellfish farming may be situated in pop-
ulated areas impacted by episodic or chronic sewage pollution
events. In such cases, better understanding of the environmental
risk factors for NoV contamination can assist the design of effec-
tive risk reduction strategies.

The evidence summarized above indicates that NoV is re-
moved to only a limited extent during sewage treatment processes
and, consequently, that the virus is frequently detected in final
effluents of STWs operating according to design conditions. Fur-
thermore, source apportionment studies have revealed substantial
site-specific variability with respect to the relative contributions of
storm overflows and continuously treated discharges to the total
NoV load impacting shellfish waters. A key element of any risk

reduction strategy is therefore to ensure that there is sufficient
dilution and dispersion of viral contamination between the sew-
age sources and the impacted shellfish beds. Detailed information
on the location and operational performance of impacting STW,
NoV concentrations in sewage effluents, flow volumes and fre-
quencies of discharges, the occurrence and frequency of intermit-
tent discharges (e.g., CSOs), the decay rates of NoV, and the geo-
graphical extent of the shellfish beds is required to delineate
dilution areas and design monitoring programs that are represen-
tative of the spatial and temporal variability of NoV contamina-
tion in harvesting areas. Information on the main environmental
factors influencing NoV contamination of shellfish (e.g., rainfall,
river flows, salinity, water temperature, turbidity) is also required
to ensure that the location of monitoring stations and number of
samples collected are as representative as possible of the harvest-
ing area and local environmental conditions. Routine monitoring
for NoV in shellfish production areas would greatly assist under-
standing of whether available dilution and dispersion of potential
impacting discharges are sufficient to reduce NoV contamination
levels to acceptable background levels.

Currently, a sanitary survey is the main regulatory driver for
collating information on pollution sources and how they impact a
shellfish water. A sanitary-survey assessment can inform how and
when shellfish harvesting should be suspended in the event of
spills associated with sewage treatment malfunction (e.g., low dis-
infection performance, hydraulic overloading) or weather events
triggering CSO discharges. Monitoring of NoV during and follow-
ing pollution events can provide an indication of the extent of the
impacted area. Consideration should be given to the worst-case
scenario of contamination in the harvesting area to ensure public
health protection. Effective communication between regulatory
agencies and members of the shellfish industry is required to pre-
vent contaminated shellfish being placed on the market. It is im-
portant that regulatory agencies understand that routine moni-
toring of FIB in shellfish or growing waters does not provide
evidence of the clearance of a viral contamination risk. Following
a potential pollution event, additional NoV monitoring (e.g., of
shellfish, seawater, and sewage) should be carried out in the envi-
ronment for the period necessary to inform on the clearance of
virus from shellfish.

KNOWLEDGE GAPS

The need to continue optimizing shellfish safety controls to ad-
dress the NoV risk is an ongoing challenge for the shellfish indus-
try, scientists, and regulators. Although the evidence base required
to support these controls has developed considerably in recent
years, further research is required to address the following con-
cerns and goals.

• The development of effective NoV monitoring programs
for commercial production areas to better understand con-
tamination patterns and develop risk management strate-
gies.

• The relationship between NoV removal rates and STW op-
erational parameters and malfunctions to optimize sewage
treatment processes and thus remediate shellfish waters im-
pacted by NoV from STW discharges.

• The contribution of CSO to NoV contamination in shell-
fisheries to determine how that can be more effectively man-
aged.
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• The hydrographical relationships between NoV inputs and
consequential impacts on shellfisheries to better model risk.

• The influence of environmental factors on the prevalence
and distribution of NoV to develop pollution remediation
strategies.

• Standardized methods for rapid detection and discrimina-
tion of NoV infectivity to help inform risk management of
shellfisheries, particularly in relation to disinfected dis-
charges, to ensure that harvested products are safe to eat.

• Improved effectiveness of epidemiological surveillance sys-
tems for NoV to provide insight into the burden of illness
transmitted through shellfish and better manage risk.
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